Ironically, the realization of the increasing magnitude of this problem comes at a time when many nations are becoming increasingly dependent on their space assets for ccmxnunications, military, research, and future production needs.
While scientists disagree as to the rate of debris growth, all agree that it is large and is increasing. Such a scenario brings to question the reliability, cost-effectiveness, arid safety of present and future satellites and manned spacecrafts.
There has not been a lack of analysis on the satellite collision hazard problem. The Space Station Program Description Document prepared by the Space Station Task Force acknowledges the collision hazard only twice. First, the document discusses the impact resistance of the spacecraft, but only in terms of the meteoroid flux (4: Set 6, 3) .
Second, the document expresses concern over the interaction of composite materials with both man-made and meteoroid debris particles. 
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The establishment of a permanent manned presence in space puts increased importance on debris hazard for several reasons.
First, the Space Station will ?X many times larger than any other manned spacecraft previously put into space. Therefore, it is more Brian M. Waechter Electronic Systems Division Hanscan AFB MA 01731 likely to be hit by debris. Second, this larger target will be manned, therefore increasing concern over system survivability.
Third, the Space Station will be permanent.
Therefore, it will more likely be hit by debris because of its constant exposure to such an environment.
Fourth, the Space Station will be the most concentrated effort and probably the most expensive effort since Apollo, so great care will be taken to ensure the program's success.
Finally, the Space
Station will be open to international and comnercial use.
Overall, many countries and comnercial firms have a very real stake in the success of a Space Station which will exist in a hazardous environment.
A complete model was developed that describes the elements and dynamics of the space debris environment. A discrete event simulation
using SLAM was used to analyze the operation of the Space Station.
The resulting data gave the number of Space Station encounters with debris as a function of the buffer zone. The data was also used to calculate the fuel required to execute avoidance maneuvers.
The sensitivity of the results due to different assumptions and parameters of the debris elements, system dynamics and the operations philosophy were also analyzed.
CONCEPTUAL MODEL
A causal diagram, shown in Figure 1 , describes the elements in the system and the interactions. The causal diagram shows that the probability of collision increases if there is an increase in the exposure time to the space debris environment, the relative velocity between the satellite of interest [SOI) and the colliding debris object, the cross-sectional area of the SOI, or the space debris density.
These parameters correspond to those used by other researchers when calculating the collision probability calculations (6:280; 3:281; The longer an SOI is exposed to the space debris environment, the more likely it will collide with debris.
Likewise, a higher relative velocity indicates that the debris will cross the path of the SOI more often, and hence have more opportunities to collide with it. An increase in the cross-sectional area of the SO1 will cause the probability of collision to increase simply because the SOf will sweep out a larger volume of space where debris may be located. Finally, an increase in the spatial density of orbiting objects with which the SOI may collide will increase the probability of collision because of more objects available for collision.
A parameter not considered in many derivations of the collision probability equation deals with the crosssectional area of the debris. As the mission of satellites becomes more specific, more space launches will be required to achieve broad space program objectives.
An increase in the number of launches, in turn, directly increases both the active satellite and debris populations. Finally an increase in these populations naturally increases the spatial density of objects in orbit.
Unintentional explosions such as defective spent boosters, and intentional explosions as a result of ASAT tests are also primary contributors to the space debris population.
However, analysis of unintentional explosions have resulted in redesign efforts thereby creating a stabilizing negative loop between the two elements. However, as the number of explosions fran defective items still in orbit increases, the debris population will continue to increase.
An increase in the number of ASAT tests also increases the debris density. This flux is dependent on astronomical events whose increase causes the total debris spatial density to temporarily increase. As many researchers agree, the growth of the man-made flux lessens the importance of the natural debris flux in the collision probability problem (10).
Orbital decay at this time is the only element that contributes directly to stabilizing the space debris population.
The causal diagram shows that the rate at which objects reenter the atmosphere due to decay forms negative loops with both the active satellite and debris populations.
The decay rate depends on the altitude of the object, the state of the atmosphere, and the object's size and density (7: 121-127 The remainder of the Space station system will consist of unmanned space platforms where scientific experiments and production facilities will be located.
band, and 56% in the high band (13) . The tracked debris was divided into large objects, those having an average RCS greater than 1.0 m2, and small objects. The untracked population was assumed to be three times as large as the tracked population.
This was based on survey results from experts in the space debris environment field (14:33).
CCWUTFX MODEL
For orbital decay, the decay constants represent the percentage of objects decaying out of a particular altitude band in one week's time (14:34).
Since the largest percentage of objects is found within the altitude bands modeled, and since objects at higher altitudes take hundreds of years to decay, it is assumed that no objects decay from higher altitudes into the high altitude band. The debris population is divided into three altitude bands, or concentric shells, surrounding the earth:
200 to 400 kilometers, 400 to 600 kilometers, and 600 to 900 kilcmeters. The system elements for the model are launches, ASAT tests, orbital decay, unintentional explosions, and interobject collisions.
The objects in each altitude band are assumed to be uniformly distributed.
Additionally, the average cross-sectional areas of the objects within each altitude band and the average orbital velocities remain constant.
Survey responses obtained by penny and Jones (14) were used to establish 1400 total explodable objects in low earth orbit.
Using 50.9%, the proportion of total tracked population in the CLASSY catalog of interest, there are 713 explodable objects in orbit between 200 and 900 kilcxneters.
It was assumed that the number of explodable objects at a particular altitude was proportional to the total number of objects in that altitude band (15).
The run length of the model was designed for 30 years, starting in 1984. This time interval would give data for the period leading up to the deployment of the Space Station, during its growth to maturity, and after it reached maturity.
The parametric model is a discrete event simulation using the SIAM simulation language.
The space debris environment system elements included in the simulation model are individual subroutines.
Other subroutines initialize the variables, calculate the Space Station collision probabilities and the number of encounters with debris requiring avoidance maneuvers, periodically check the system parameters, and present the results.
The remaining variables involve system elements which are sources of debris:
launches, ASAT tests, and unintentional explosions.
The current total number of launches range between 120 and 150 (9) .
The model uses these values as minimum and maximum launch rates and 135 launches as the yearly mean rate.
The exponential distribution with these parameters was used to generate inter-arrival times between launches because of the independent scheduling of launches among all nations.
Initialization Subroutine
This subroutine sets initial values for all variables in the simulation model. The simulation starts in 1984 and runs for thirty years to 2013. Although the Space Station will not become operational until 1992 a 1984 start allows the use of known parameters.
An exponential distribution with a mean of two ASAT tests per year was selected to generate inter-arrival times between the occurrence of these tests.
Again, like launches, ASAT tests are assumed to occur independently of one another.
For unintentional explosions survey responses estimated that one out of every 500 explodable objects exploded each year (141. This parameter is the mean of an exponential distribution used to generate the time between explosions. The "memoryless" property again describes the independent nature of these occurrences.
Event-Scheduling Subroutine
Since this model does not keep track of each object's orbital parameters, average velocities for each altitude band are used in the collision probability calculations.
The circular orbital velocity equation is:
The EVENT subroutine calls the appropriate event subroutines. The velocities used in the model were the averages of the velocity calculations at the middle and boundaries of each altitude band.
The subroutine determines the altitude band and the quantity of debris deposited in that band. Based on Soviet ASAT studies, 50% of the tests occur in the medium altitude band (16) . It is assumed that the debris generated stays in the same altitude band where the ASAT test occurred (17:114) , and the debris has a normal distribution (14:107 is scheduled on a weekly basis, the debris and explodable object populations are recorded to obtain averages of these populations over the year.
Unintentional
Explosion Subroutine
The subroutine EXPLQD, handles the time, location, and dynamics of an unintentional explosion in space. The primary functions of this subroutine are to (1) schedule the next unintentional explosion, (2) determine the altitude band where the explosion occurred, (3) determine the quantity of debris generated from the explosion, (4) decrement the appropriate explodable object population to account for the explosion, and (5) update the debris populations based upon the debris added.
The altitude band in which the explosion occurs is based on the relative percentage of the number of explodable objects in a particular altitude band to the total number of explodable objects.
The ganmm distribution is used to generate the amount of debris. This was based on survey results obtained by Penny and Jones (14:102-103) .
Also coming from that survey are the parameter values of 500 objects for the mean and 140 objects for the standard deviation.
Orbital Launch subroutine
The subroutine I..AGNCH performs the functions associated with a launch of a spacecraft.
These functions include determining the altitude band where the spacecraft enters into orbit, the amount of debris deposited from the launch, the number of new potentially explodable objects added to the environment, and the updating of the debris populations.
The subroutine also schedules the next launch using an exponential distribution with a mean of 135 launches per year.
The TRW Space Log indicates that, for t.hOSe launches targeted at the altitude bands of interest, approximately 69% of the payloads were put in the low altitude band, 15'5 were put in the medium altitude band and 16% were put in the high altitude band (9) . A normal distribution with a mean of 13 and a standard deviation of three, was used to generate the amount of debris (18:97-98) .
Also, no less than 9 and no more than 18 objects can result from a launch (14:97). According to the :survey, each launch deposits two explodable objects in the same altitude band as the payload (14:99 With respect to the space debris environment model, an "event" is the collision between a debris object and the Space Station.
Given small enough intervals of time where tae debris densities do not change, the occurrence Of a collision in these intervals of time is equally likely.
Finally, the collision with one object in no way affects the possibility of the Space Station colliding with another object. Therefore, the Poisson distribution was used in the calculation of collision probabilities.
Since an "event" can only occur when an object and the Space Station are at the same place at the same time, this is equivalent to determining the number of oojects found within the volume swept out by the Space Station over a year's time.
This value is a function of several parameters:
the debris spatial density, the Space Station cross-sectional area, the relative velocity between the colliding debris and the Space Station, and the length of time the Space Station is exposed to the environment.
The parameter can be written as: The overall Space Station probability of collision calculation therefore becomes:
The debris spatial densities were calculated using the current debris populations from each altitude band. The cross-sectional area of the Space Station from 1992 through the year 2000 was incremented to correspond to the planned growth in the Space Station (19). The value of 0.0000004 is the weekly increase in growth.
The number of objects the Space Station encounters was a different calculation because it involved a shorter time period of measurement and a different SOI crosssectional area. Avoidance maneuvers will be required when an object lies in the Space Station's path and when it is in close proximity to a collision path. A buffer zone is required because of the present inaccuracies of the ground-based tracking facilities. These inaccuracies may be up to ten kilometers of error when tracking certain space objects (2O:Zl). by the debris spatial density to obtain the number ofi objects encountered per week.
Inter-Object
Collision Subroutines
The inter-object collision event periodically checks whether an inter-object collision occurred in any of the altitude bands. This event was divided into three separate subroutines corresponding to the three altitude bands. The probability of collision between any two objects other than the Space Station for each altitude band was calculated using parameter values found at that instant in time.
The inter-object collision subroutines next determined whether a collision actually occurred, the type of objects involved in the collision and the amount of resulting debris. Figure 3 shows the flow chart for the medium altitude band. Except for the SCHEDULE function, the flow chart is identical to the low and high band charts. The factor of five provides a middle range for analysis.
The safety or buffer zone around the Space Station depends on the confidence in the exact location off the orbiting debris.
To avoid the possibility of colliding with debris, the Space Station would need to maneuver.
A trade-off exists between the level of confidence and the fuel required for avoidance maneuvers.
Therefore, an analysis was done for different buffer zones (radii):
1, 3, 5, 7, and 10 kilometers.
It was determined that nine replications of the parametric model will give collision probabilities of the desired accuracy with 97.5% confidence (22:427). The baseline value of a 10 kilcmeter radius buffer zone corresponds to initial NASA estimates. The smaller buffer zones were used to check the sensitivity of debris encounters.
ANALYSIS
Since the debris encounter calculation used hinges upon the debris spatial density, the trend observed matches that found for the collision probability calculations.
The analysis of tracked and untracked debris encounters in a debris environment initially containing untracked debris three times the tracked debris population yields startling results, as shown in Table   2 .
The baseline 3x10km model generates an average of around 9,251 encounters with tracked and untracked debris per year, canpared to 4,520 for the 3x7km model, 2,293 for the 3x5km model, 810 for the 3x3km model, and only 67 for the 3xlkm model.
Approximately the same order of magnitude between the average number of encounters per year for each buffer zone occurs for the models using five times and eight times the tracked debris.
In all cases, the models with the starting untracked debris population five times the tracked population yield the highest average number of encounters per year averaged over all years of interest. As is believed to be true for the collision probabilities, the apparent discrepancy between the 5x.. and ax.. model encounters is probably caused by increased flow out of the medium band of smaller particles characterizing the higher untracked debris populations.
Overall, the number of encounters between the models for each buffer zone are quite similar.
On the average, the number of encounters per year for the 3x.. models are 84.4% of the 5x.. models. The 8x.. models maintain an average yearly number of encounters 93.6% of the 5x.. models.
Fuel Requirement Analysis
The number of objects invading the established buffer zone determines the fuel requirement over the 90 days between scheduled refuelings.
Encounters translate into Space Station avoidance maneuvers.
The maneuver can either be a change in altitude or a change in velocity, thereby eradicating the possibility that the particular debris object and the Space Station orbits intersect at the same time.
Only change in velocity manuevers are considered (33).
The magnitude of the maneuver is a function of the desired miss distance and the time the maneuver is initiated before the predicted collision. For this analysis a 10 kilometer miss distance and a one day advance notification of a close encounter were chosen. Shorter miss distances and longer periods of time to perform the maneuver would decrease the required magnitude of the maneuver.
Using the above parameters, the required change in velocity is 0.1157407 m/set . The as calculated warranted further study. Alternate methods of calculating the number of debris encounters were addressed and will be reported separately.
Sensitivity
AnalysisSensitivity analysis was also done for two other system elements affecting the probability of collision.
The elements of launches and potentially explodable objects were chosen because the first is the major factor controlling the debris distribution and the second is the primary contributor to the debris populations.
As the causal diagram indicates, these system elements are linked together since launches are the only sources of potentially explodable objects.
Besides selecting these system elements for sensitivity analysis based on their importance in the space debris environment system, the parameters associated with these elements could change over the years.
The growing interest of many nations in space may in fact cause the launch rate to increase in the future. Also, experience and better engineering over the years may decrease or ctxnpletely eradicate the placement of potentially explodable objects in space.
The average launch rate was adjusted upward by two each year as well as the corresponding maximum and minimum number of launches allowed for that year. The number of explodable objects was varied using a uniform distribution to generate zero to three explodable objects for each launch.
The above changes were combined with the varying number of starting untracked debris populations.
Either (1) the launch rate was held constant and the explodable objects added was allowed to vary, (2) the launch rate increased and the explodable objects added remained constant, or (3) both were allowed to vary. Discus- sion of sensitivity analysis results incorporates certain notation describing each of these models. Examples are 3xliec and Exlcev. The "3x" and the "8x" indicate the magnitude of the starting untracked debris populations above the tracked populations. The "1" and "e" represent launches and explodable objects deposited, respectively. The "c" indicates that the parameters associated with that particular system element remain unchanged from the baseline model. Finally, an "i" indicates an increasing launch rate and a "9 represents a varying number of explodable objects being deposited.
The results of the sensitivity analysis models are quite significant in showing the impact of launches and potentially explodable objects on the probability of collision. The results underscore the significance of the explodable object population and bring to light the relative unimportance of launches in contributing to the debris population. Tables 5 and 6 present the results for the sensitivity analysis models using starting untracked debris populations five and eight times the nrnnber of trackable objects.
The same general relationships between the models exist as they did for the 3x.. models, with the average collision probabilities for the 5xliec and 8xliec models being 50.8 and 63.2% greater than their respective baseline models. As for the 3x.. models, the 5xlcev, 8xlcev, 5xliev, and Bxliev models demonstrate the tremendous effect unintentional explosions have on the debris population, and hence on the Space Station collision probability.
CONCLUSIONS
Any attempt to model a system depends on what is known or can be reasonably assumed about that system. The remaining unknowns concerning the space debris environment are critical in obtaining an accurate assessment of its impact on man's use of space. While the accuracy of this analysis is open for discussion, the results provide a baseline for assessing the severity of the debris problem for the Space Station operations. Individuals interested in this field must decide whether the results are optimistic or pessimistic.
Should they prove to be optimistic, efforts to increase the survivability of the Space Station would be required.
The combination of the unknown magnitude of the untracked debris population, the known lethality of these ml1 particles, and the constant exposure of the Space Station to such an environment over extremely long periods of time points to a very real problem.
Should the collision rate prove to be even greater than calculated, the Space Station will barely reach system maturity until it is in great danger. mile the collision probabilities are probably representative of the actual situation and possibly even a bit optimistic, the debris encounter calculations appear high even for the predicted severity of the environment.
Even if the untracked debris could be factored out 
